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Abstract 
 
Virtual environments (VE) open up a wide range of experimental possibilities in psychological research (Loomis & 
Blaskovich, 1999). However, when using Virtual Reality (VR) applications it is often neither possible nor useful to 
use environments with many secondary depth cues though those are essential for depth perception in virtual worlds 
(Gobbetti & Scateni, 1998). Depth-cue deprived experimental setups are often necessary to avoid visual overload in 
experiments where attention is supposed to be focused on single targets - e.g. when simple reactions to stimuli are 
required or when virtual targets have to be grasped or pointed at. Some studies investigated the role of depth cues in 
VE (e.g. Gaggioli & Breining, 2001; Hu, Gooch, Creem-Regehr & Thomson, 2002), but only one single evidence 
was found for interindividual differences (Lampton, McDonald & Singer, 1995) and none for stability of depth 
perception within persons. Yet, these aspects are relevant for psychological research conducted in VE to create 
expedient setups and because of their importance in obtaining valid results. 
Therefore two studies were carried out to investigate whether distance estimations are stable within subjects’ own 
frame of reference and whether interindividual differences exist when a geometrically simple virtual environment is 
used. The first experiment was conducted in a VR application (3D) and the second one on a standard CRT screen 
(2D). Results reveal systematic underestimations but also indicate intraindividual stabilities. Furthermore it seems to 
be useful to enrich the environments with reference objects to enable “more accurate” distance estimations. 
 
 
1 Introduction 
 
Three-dimensional perception of the surrounding world is essential for humans. Having a look at the simple task of 
taking a glass of water and directing it to one’s mouth, it becomes obvious that performance can not be successful 
without satisfying depth perception. The visual system uses different information to provide an adequate depth 
experience. This information can be split up in four groups: oculomotoric (eye convergence and accommodation), 
monocular (pictorial cues), movement-induced (motion parallax) and stereoscopic information (retinal disparity and 
stereopsis) (Goldstein, 2002). The latter are often called primary depth cues due to the fact that they are produced by 
signals from both eyes. Each retina receives a different image of the world (retinal disparity), the differences of 
these two images are processed by the brain and interpreted as distance information. Retinal disparity is decoded by 
the visual system and transformed into a single 3D experience (stereopsis). 
 
1.1 Depth perception in VE 
 
Within computer-based environments in general (e.g. games) and within virtual environments in particular, the 
accommodation (a muscular process which changes the shape of the lens in the eyes to create a sharp image) -
respectively the accommodation distance - is a crucial point. In reality the eyes accommodate to the surface they are 
turned to. In computer-based and virtual environments the object’s surface is a projection and the human eye does 
not accommodate to the virtual object but rather to the projection screen itself. This is one reason why depth 
perception in this kind of environments is limited and the origin of this limitation can’t be changed because of the 
human eye’s disability to accommodate to the real distance of a projection in the virtual space. This problem exists 
in all experimental setups using any kind of VR-hardware. Other restrictions of depth perception in virtual 
environments are hardware-related. For example head-mounted displays (HMDs) are often used to display virtual 
environments because of low acquisition costs, easy usage and small size. It has been shown that using HMDs leads 
to underestimations of depth (e.g. Witmer & Kline, 1998). Authors quote field of view and binocular viewing as 
common limitations. Although recent research from Knapp and Loomis (2004) debilitate a limited field of view as 
the cause of distance underestimation, in virtual environments the question why underestimations occur is not 
answered yet. One attempt to solve the problem of distorted depth perception is an enrichment of the virtual 
environments with secondary depth cues. They can be used to improve distance perception in VE. For instance Hu 
et al. (2002) showed the influence of different cue combinations including interreflections, shadows, and 
stereoscopic viewing. Whereas the combination of all cues led to a determination coefficient (R2) over 0.7 and the 
integration of shadows alone triplicated the R2 from 0.1 in the no-cue condition to a value over 0.3. So cue-
combination increased the explained variance. Turning away from HMD-based research, it has been shown that 
distance perception in real and virtual environments correspond better when using large screen immersive displays 
in contrast to HMD systems (Plumert, Kearney, & Cremer, 2004). Subjects tended to estimate distances between 
12m and 18m in virtual environments fairly correct when they first had to estimate distances in the real world. 
Larger distances however were still underestimated and distance judgments were clearly distorted in the first phases 
of exposure to the virtual environment. Furthermore Gaggioli & Breining (2001) had a look at the effects of 
stereopsis, type of geometry, type of rendering and size of depth difference displaying the stimuli on the front wall 
of a four-sided CAVE-like environment. They demonstrated first that binocular disparity plays a major role when 
estimating depth of 3D objects and second that Gouraud shading with surface normals (also called Phong shading) 
and Flat Shading lead to better estimation results than Wireframe and Gouraud shading. So far, other research 
groups attempted to describe depth perception in virtual reality from different perspectives. But the problem of 
distance perception in virtual environments has not yet been solved. Therefore, the two studies presented here try to 
provide a closer look at distance perception in computer-based and virtual environments. The main focus however is 
not perception in general, but the problem of simplified virtual environments to eliminate confounding effects and to 
assure experimental control in psychological experiments using VR methods. One single study was found 
emphasizing differences between subjects. Lampton et al. (1995) stated a high variability across subjects in 
particular with the HMD but did not mention any intraindividual effects. Thus we had a look at the ability of 
subjects to perceive depth in virtual and computer-based environments. In Study 1, only the distance of the stimuli 
was scaled in the virtual world. In contrast, the influence of size-scaling and the availability of a standard stimulus as 
frame of reference in a computer-based scenario was examined in Study 2. The main interests are inter-individual 
differences and intra-individual stabilities in depth perception. 
 
2 Study 1 – depth perception in a virtual environment 
 
2.1 Method 
 
2.1.1 Experimental task 
 
In the first study, yellow spheres in a virtual environment (Figure 1) were presented to the participants. The stimuli 
were displayed on a BARCO BaronTM rear projection desk (Figure 3) with an active stereo system including head 
tracking.  
Figure 1: ten-cued VE condition 
The task consisted of ten numbered yellow 3D target spheres in a blue surrounding including rudiments of floor and 
ceiling. The whole virtual scene was rendered using Gouraud shading In the following text this condition is referred 
to as ten-cued condition. Due to scaling options of the VR software, distances between 60 and 330 cm in 30 cm 
steps were defined. The sphere sizes did not indicate depth position in contrast to Study 2. All spheres had the same 
retinal size and subjects were informed by the investigator that all of them actually had different sizes in the virtual 
world. So sphere size provided no depth information. Subjects were asked to estimate perceived distances of the 
targets verbally. 
 
2.1.2 Experimental variables 
 
The independent variable was the true distance (true value = Tv1) of the targets in cm. All spheres had the same 
retinal image that means the closest sphere would be the smallest and the farthest accordingly the biggest. So it 
could be tested if subjects can perceive depth in virtual environments when no secondary depth cues are provided 
and if subjects’ depth perception in VE is dependent on binocular disparity. Additionally it was checked if gender 
differences occur. The dependent variable was the verbal estimation of the subjects noted in cm (estimated values = 
Ev1). 
 
2.1.3 Apparatus and materials 
 
Study 1 was carried out with a stereoscopic and interactive virtual environment. 
 
2.1.3.1 VR hardware 
 
The virtual setup was displayed on a BARCO BaronTM rear projection desk (Figure 2). An active stereo system was 
used in order to enable immersive stereoscopic visualization. The participants were wearing shutter glasses and were 
tracked with an electro-magnetic head-tracker. 
 
Figure 2: BARCO BaronTM (actual experimental setup of Study 1) 
 
2.1.3.2 VR software 
 
For Study 1, the ReactorMan software - a part of the NeuroMan system (Valvoda, Assenmacher, Dohle, Kuhlen & 
Bischof, 2003) - was used. ReactorMan enables the definition of setups for VR-based experiments. The resulting 
experimental paradigms can be executed on a variety of VR-hardware, making use of the VR-toolkit ViSTA and its 
multimedia extension (Assenmacher, Kuhlen, Lentz & Vorländer, 2004). The ViSTA toolkit integrates VR 
technology and interactive, 3-D visualization into technical and scientific applications. NeuroMan has been 
developed in order to enable the execution of neuropsychological experiments in VR. The experimental set-ups are 
defined through scripts, which on the one hand contain the basic experimental structure of sessions, blocks, trials 
and scenes (i.e. a collection of basic multimodal stimuli). On the other hand, information about runtime behavior of 
the software and its reactions to events and interaction devices can be provided. Main features of the system are the 
possibility to log the overall chronological behavior with specific timing characteristics (Valvoda, Assenmacher, 
Kuhlen & Bischof, 2004) and to handle large environmental models as visual stimuli. 
 
2.1.4 Procedures 
 
Participants sat in front of the rear projection desk with their head positioned on a head-rest and they were wearing 
shutter glasses. Even though participants were asked to place their head at a specific position, they were not 
prevented from performing minor head movements. These movements were registered with the electro-magnetic 
tracking device and used for the update of the displayed visual perspective. The distance between head and 
projection plane was 90 cm. After a verbal instruction, subjects were presented a virtual environment containing 10 
yellow spheres levitated in a neutral (blue) space. All spheres were presented at the same time and were marked with 
numbers to distinguish them. The task was to estimate the distance between subject and sphere in centimeter. No 
cues or time restriction were given. 
 
2.1.5 Participants 
 
24 voluntary participants (20 male and 4 female) took part in Study 1. The mean age of the participants was 25.7 
years within a range of 21 to 31 years. They had normal or corrected to normal vision and reported normal 
stereopsis. 
 
2.2 Results 
 
Means and standard deviations were calculated for all estimations (Ev1) and compared with the true values (Tv1) 
using t-tests, regression analyses and correlations. Multivariate analyses of variance were conducted to look at 
gender differences. Estimated values were consulted as dependent variables, gender as independent variable. The 
level of significance was set at p = 0.05. 
Distance estimations in Study 1 reveal tremendous underestimations in the virtual environment –up to 44.3 % 
(Table 1). Furthermore, a significant omnibus F-test for the factor gender (F (10,13) = 2.784; p < 0.05) reveals that 
higher underestimations – on average 37.5 cm -occur for female subjects. 
 
Table 1: Statistics of Study 1 
 BARCO – TEN-CUED condition 
 Tv1 in cm 
Ev1 
in cm (sd) 
T-test D1 
in cm 
D1 
in % 
Sphere 1 60 46.25 (11.63) -5.791** 13.75 22.9 
Sphere 2 90 69.58 (17,99) -5.559** 20.42 22.7 
Sphere 3 120 79.58 (22.50) -8.799** 40.42 33.7 
Sphere 4 150 99.46 (28.15) -8.797** 50.54 33.7 
Sphere 5 180 110.83 (30.67) -11.049** 69.17 38.4 
Sphere 6 210 122.71 (30.86) -13.859** 87.29 41.6 
Sphere 7 240 142.71 (43.11) -11.056** 97.29 40.5 
Sphere 8 270 150.42 (46.37) -12.635** 119.58 44.3 
Sphere 9 300 172.08 (55.19) -11.355** 127.92 42.6 
Sphere 10 330 187.92 (63.04) -11.042** 142.08 43.1 
(Tv= true value; Ev= mean estimated value, D= discrepancy; *=significant; **=highly significant) 
 
True and estimated values as well as t-test results (paired samples) for the whole group are listed in Table 1. The 
extent of the underestimations increases with sphere distance, and differences between estimated (Ev1) and true 
values (Tv1) are significant for all spheres. This indicates that the distance estimations were definitely too short, 
especially when distances in extrapersonal space - over 1 meter - were presented. Subjects underestimated the true 
values more than 30 %. Sphere 1 and 2 (printed in bold font in Table 1), which were less than 1 m away, were 
estimated most correctly. This means the estimated values are closest to the true value indicated by the lowest values 
for the parameter D1 in % (= discrepancy between Tv1 and Ev1 in %: (Tv1 - Ev1) x 100/ Tv1)). Two possible 
explanations for these results are conceivable: first the fact that for the distance of 90 cm the projection plane and 
the projected object were matched, so, accommodation for this stimuli distance was correct. And second that depth 
perception could be dependent on the different spaces examined: the peripersonal space (up to 100 cm) and the 
extrapersonal space (beyond 100 cm). Examining Figure 3, where each subject is displayed with her/his estimation 
range, it becomes clear that almost all subjects underestimate the true distance range (light-colored area). 
Figure 3: Estimation ranges of all subjects (cm) in Study 1 (range of the true values is light-colored) 
 
Subjects in Figure 3 are sorted according their lowest estimation value. Only one person (subject 24 in Figure 3) 
overestimated the closest sphere distance and nobody estimated the farthest sphere more than 300 cm away although 
it was scaled at 330 cm. But all of them hit actually the right range with some of their valuations. Nobody totally 
underestimated or overestimated the sphere distances. To analyze the consistency of the subjects’ distance 
judgments with respect to the different spheres (a far sphere should not be judged nearer than a near sphere), 
bivariate correlations between the estimated values are calculated. The correlation between consecutively scaled 
spheres range from 0.765 to 0.981 with p < 0.001 and correlations between estimated and true values are also 
positive and significant. This shows that subjects were able to detect the correct distance sequence meaning that all 
of them saw the closest sphere close and the farthest sphere far away. The overall linear relationship between 
estimated and true values is high. Regression analysis reveals an R2 of 0.995. It becomes apparent that the average 
estimation performance over all subjects is quiet good but is overshadowed by the arising interindividual distances. 
 
3 Study 2 – depth perception in a computer-based environment 
 
3.1 Method 
 
3.1.1 Experimental tasks 
 
Three distance estimation conditions (single, cued, ten-cued) were presented on a CRT screen in which the presence 
of an additional size-cue was varied. It was emphasized that the sphere had the same size as a tennis ball because 
one of the monocular depth cues is the knowledge of the object (Goldstein, 2002). This ensured that all subjects had 
the same idea about the size of the standard sphere. The extrapersonal space between 100 and 500 centimeters was 
investigated. In each condition participants first saw a red standard sphere which had the size of a tennis ball 
(6.6 cm) in a white surrounding. In the single condition only one sphere was presented at a time (Figure 4, left). In 
the cued condition the standard sphere was always visible next to the target sphere to serve as a frame of reference 
(Figure 4, center). In the ten-cued condition, which was displayed to all subjects either after the single or cued 
condition, participants could see the standard sphere as well as 10 target spheres (Figure 4, right). 
Participants were asked to estimate verbally, how far the standard spheres were shifted away and the estimated 
values (Ev2) were noted by the investigator. The sphere sizes were calculated according to the theorem on 
intersecting lines to obtain the precise extent of the retinal image. 
 
Figure 4: single (left), cued (center) and ten-cued (right) condition of Study 2 
 
3.1.2 Experimental variables 
 
Independent variables were: the true size of the targets in cm (true values = Tv2), the estimation condition (single vs. 
cued vs. ten-cued) and gender (male vs. female). Dependent variables were the verbal estimations of the subjects 
noted in cm (estimated values = Ev2). 
 
3.1.3 Apparatus and materials 
 
The targets were presented on a 17" CRT-display - 100 Hertz - with a display resolution of 1024 x 768 pixels. 
Targets were presented with a MicrosoftTM PowerPoint presentation and the spheres were created with AdobeTM 
Photoshop (using a fake shading). The size of the targets was defined by the theorem on intersecting lines producing 
the correct retinal Image. Calculations were made with the equation 
d
c
db
a =+  
with a = size of the sphere in the distance b, b = distance of the sphere “within” the screen measured from the 
projection plane (=monitor surface), c = the displayed size of the sphere on the screen to let the sphere appear in the 
distance b and d = the distance of the observer from the screen (60 cm). 
 
3.1.4 Procedures 
 
Participants sat in front of a CRT screen and the distance between eyes and monitor surface was set to 60 cm to 
assure the correct application of the theorem on intersecting lines. After a short verbal explanation about the purpose 
of the experiment subjects were presented a red sphere on a white screen with the text “This sphere has the size of a 
tennis ball (6.6 cm)” underneath. The next slide contained the instruction to estimate the distance of the upcoming 
spheres. Participants were asked to imagine that the first sphere was shifted into the computer screen. After the 
instruction, half of the participants were presented the single condition in which one sphere was presented at a time. 
The other half of the participants were presented the cued condition, in which the standard sphere was additionally 
visible on the left side of the screen. In both conditions, five different spheres were randomly presented. Participants 
had no time restriction. The last task of the experiment consisted of the ten-cued condition in which the participants 
had to estimate the distances of ten different spheres which were presented together with the standard sphere on the 
left hand side of the screen. The ten spheres were numbered to avoid confusion.  
 
3.1.5 Participants 
 
16 participants (8 male and 8 female) volunteered in Study 2. Eight in the single and eight in the cued condition 
respectively. In addition all of them solved the ten-cued condition. They were between 21 and 31 years old 
(M = 25.2 years). All subjects had normal or corrected to normal vision and reported normal stereopsis. 
 
3.2 Results 
 
Means and standard deviations were calculated for all estimations (Ev2) and compared with the true values (Tv2) 
using t-tests, regression analyses and correlations. Multivariate analyses of variance were consulted to investigate 
potential differences between gender and the conditions. Again, estimated values were the dependent variables, 
gender the independent variable. In Study 2, the three different tests do not differ from each other since standard 
deviations are extremely high (up to 90% of the mean value). Accordingly, a MANOVA including the five spheres 
reveals no significant differences between single and cued condition (F (5,10) = 1.069, p = 0.432) nor differences 
between the two subject groups in the ten-cued condition (F (10,5) = 0.595, p = 0.773). T-tests for paired samples 
for corresponding spheres out of the single alternatively cued condition and the ten-cued condition (100 cm, 200 cm, 
300 cm, 400 cm and 500 cm) also do not show any significant main effects. At first glance, subjects didn’t seem to 
benefit from the additional cues. Omnibus F-tests reveal significant gender effects in the single 
(F (5,10) = 4.474, p < 0.05) and the ten-cued (F (2,5) = 48.702, p < 0.05) condition but not in the cued condition 
(F (2,5) = 0.395, p = 0.826). Overall, male subjects tend to estimate more precisely especially when spheres were 
located farther away (over 3 m). 
 
Table 2: Statistics of Study 2 (single and cued condition) 
 SINGLE condition (n=8) CUED condition (n=8) 
 
Tv2 
in 
cm 
Ev2 
in cm (sd) T-test 
D2 
 in cm 
D2 
 in % 
Tv2 
in 
cm 
Ev2 
in cm (sd) T-test 
D2 
in cm 
D2 
in % 
Sphere 2 100 66.00 (59.63) -1.613 34.00 34.0 100 115.25 (99.39) 0.434 15.25 15.3 
Sphere 4 200 130.63 (115.71) -1.696 69.37 34.7 200 186.5(171.65) -0.222 13.50 6.8 
Sphere 6 300 133.19 (116.20) -4.060* 166,81 55.6 300 273.13(265.72) -0.286 26.88 9.0 
Sphere 8 400 180.88 (150.11) -4.129* 219,12 54.8 400 332.88(311.03) -0.610 67.13 16.8 
Sphere 10 500 248.50 (205.09) -3.468* 251,50 50.3 500 375.63(331.94) -1.060 124.38 24.9 
(Tv= true value; Ev= mean estimated value, D= discrepancy; *=significant; **=highly significant) 
 
Having a look at Table 2 and Table 3 - where true and estimated values, t-test results within each condition and 
discrepancies between true and estimated values in absolute terms (D2 in cm) and percent (D2 in %) are listed - a 
more detailed picture of the nature of distance estimation in Study 2 shows up. Overall it can be stated that mostly 
underestimations occur (compare negative t-test values). 
 
Table 3: Statistics of Study 2 (ten-cued condition) 
 TEN-CUED condition (n=16) 
 Tv2 in cm 
Ev2 
in (sd) T-test 
D2 
in cm 
D2 
in % 
Sphere 1 50 66.47 0.789 16.47 32.9 
Sphere 2 100 127.13 0.756 27.13 27.1 
Sphere 3 150 170.25 0.425 20.25 13.5 
Sphere 4 200 216.88 0.247 16.88 8.4 
Sphere 5 250 265.56 0.202 15.56 6.2 
Sphere 6 300 247.97 -0.686 52.03 17.3 
Sphere 7 350 283.03 -0.777 66.97 19.1 
Sphere 8 400 321.88 -0.836 78.12 19.5 
Sphere 9 450 352.22 -0.971 97.78 21.7 
Sphere 10 500 365.38 -1.233 134.62 26.9 
(Tv= true value; Ev= mean estimated value, D= discrepancy; *=significant; **=highly significant) 
 
In the single condition, all distances were underestimated and the best estimation results (printed in bold font in 
Figure 2) arise for the 100 cm- and the 200 -spheres (Sphere 1 and 2) with discrepancies between true and average 
estimated value of 34 % and 37.7 %. In the cued condition, only the 100 cm-sphere (Sphere 2) was overestimated 
(grey-colored in Table 2). Here the “best” estimations occurred for the 200 cm- and the 300 cm-spheres with quite 
small discrepancies of 6.8 % and 9 %. When subjects had to estimate 10 spheres at the same time (ten-cued 
condition - Table 3), distances from 50 cm to 250 cm were overestimated (grey-colored in Table 3) while all beyond 
250 cm were underestimated. In this condition the overestimated 200 cm- and 250 cm-spheres were judged most 
accurately with discrepancies of 8.4 % and 6.2 %. Apparently, neither accommodation to the projection plane nor 
influences of extra- or peripersonal space can explain those results. The correlation between consecutively scaled 
spheres in the single-condition range from 0.719 to 0.984 with p < 0.05. In the cued condition correlations between 
0.826 and 0.965 (p < 0.05) occur. The same applies to the ten-cued condition where the range of correlation 
coefficients lies between 0.974 and 0.997 (p < 0.001). Positive and significant correlations between estimated and 
true values occur as well and within each condition. Significant t-test differences between the estimated distances 
prove that the spheres were perceived at varying distances and in the “right direction”. Regression analyses for mean 
estimated and true values confirm this observation. Determination coefficients vary from 0.939 in the single 
condition up to 0.980 in the ten-cued condition.  
 
Figure 5: Estimation ranges (cm) of all subjects in Study 2 for the single (n=8) and cued condition (n=8) 
(range of the true values is light-colored) 
 
However, inspecting the subjects one by one, the true nature of distance estimation becomes apparent. Maxima and 
minima of estimated values differ in a wide range (Figure 5 and 6). This indicates high interindividual differences. 
In the single and the cued condition 37.5 % of the subjects lie completely below the true range (light-colored areas 
in Figure 5). In the ten-cued condition only 12.5 % totally underestimate the true range (Figure 6) and 31.25 % hit 
the correct range. 
 
Figure 6: Estimation ranges of all subjects of Study 2 (cm) in the ten-cued condition (n=16) 
(range of the true values is light-colored) 
 
4 Discussion 
 
Our results lead to the conclusion that most subjects systematically tend to underestimate distances in depth when 
virtual environments or computer-based environments are displayed. Interindividual differences occur - no matter 
whether distance (Study 1) or retinal image size (Study 2) is scaled. In addition, when observing the intraindividual 
stability, all subjects were able to estimate the different distances in the right order. That means that participants are 
able to distinguish between the varying distances and don’t mix up close targets with far away targets and that they 
perceive the correct distance relationship between targets in relative terms. 
 
4.1 General conclusions and their implications for future work 
 
Accommodation plays an important role in depth perception because it provides fundamental depth information – 
together with convergence - especially in the space up to 3 meter from the observer (Goldstein, 2002). We 
confirmed that accommodation can not be fooled in virtual environments. Ideally, the targets’ and the projection 
screen’s distance should be matched to create an optimized depth perception for the observers.  
However this would be a limiting factor in research using VR paradigms, so it is inevitable to consider other cues to 
improve depth perception. In Study 1, it becomes apparent that stereopsis results in depth perception even when no 
other depth cues are available. Nevertheless, stereoscopic information has been found to be not satisfying for the 
observers and leads to underestimations. In future research, attention must be turned to monocular and movement-
induced information and their possible combinations. 
In this context, shadows and interreflections were shown to be helpful to create a satisfying image in virtual worlds 
(Hu et al., 2002) as well as the use of an appropriate shading of the objects (Gaggioli & Breining, 2001). Future 
research should concentrate on this kind of approaches to find out which depth cues might have the strongest 
influence of depth perception in virtual environments. A minimized cue combination providing an optimized virtual 
impression would be a future goal. 
Although all three conditions in Study 2 (single vs. cued vs. ten-cued) did not differ significantly from each other, it 
becomes apparent that providing a frame of reference does improve the overall estimation results. Average 
discrepancies dropped from 45.9 % when only one target was displayed and has to be estimated (single condition) to 
14.6 % when a standard was given (cued condition) or respectively to 19.3 % when a standard was available and ten 
different targets had to be estimated at once (ten-cued condition). It seems to be important to provide a frame of 
reference, so that each subject in the virtual world can benefit from the same “landmark”. Future research should 
bear in mind the influence of different perceptual-cognitive frames of references, even if they– according to Sarris 
(2003) - still present challenging problems in psychophysics from a theoretical as well as from a practical point of 
view. 
In addition to the described results, the present studies reveal gender differences in estimating distances. Male 
subjects tended less to underestimate distances in virtual and computer-based surroundings than female subjects did. 
Therefore, future research should consider underlying user characteristics like expertise or cognitive and spatial 
abilities. 
Furthermore, virtual reality hardware-related differences probably play another crucial role. Studies using VR 
technology use a broad range of different VR display solutions. For example Lampton et al. (1995) examined HMD, 
monitor and BOOM (binocular Omni-Oriented Monitor), Plumert et al. (1994) used three 10 x 8 feet big screens 
with rear projections and lots of other studies used different HMD systems (e.g. Kline & Witmer 1996, Hu et al. 
2002). Mostly underestimations in distance estimation occurred. But so far, an overall and general conclusion about 
depth perception in virtual reality can not be made neither from mentioned nor from present studies. Special 
characteristics of every single VR-hardware should be considered in the future and comparisons between the 
effectiveness of different depth-cues in different hardware-dependent environments would be necessary. 
Finally, special attention should be paid to the different regions of three-dimensional space identified in 
neuropsychological research (Previc, 1998): the peripersonal space - where prehension movements take place - and 
the tripartite extrapersonal space (focal, action and ambient). Depth information might be differentially effective in 
the various spaces. 
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